An analytical model that includes pressure gradient, friction, and the earth's rotation in both components of the flow is used to study the transverse structure of estuarine exchange flows and the nature of transverse circulation in estuaries of arbitrary bathymetry. Analytical results are obtained for generic bathymetry and also over real depth distributions and are compared with observations. This study extends previous efforts on the topic of transverse structure of density-induced exchange flows in three main aspects: 1) the analytical model explores any arbitrary bathymetry; 2) the results reflect transverse asymmetries, relative to a midchannel centerline, associated with the effects of the earth's rotation; and 3) the transverse circulation produced by the analytical model is examined in detail. Analytical results over generic bathymetry show, in addition to the already reported dependence of exchange flow structure on the Ekman number, two new features. First, the transverse structure of along-estuary flows shows the earth's rotation effects, even in relatively narrow systems, thus producing transverse asymmetries in these flows. The asymmetries disappear under strongly frictional (high Ekman number) conditions, thus illustrating the previously documented pattern of inflow in channels and outflows over shoals for typical estuaries. Second, transverse flows resemble a ''sideways gravitational circulation'' when frictional effects are apparent (Ekman number greater than ϳ0.1) responding to a transverse balance between pressure gradient and friction. These transverse flows reverse direction under very weak friction and reflect Coriolis deflection of along-estuary flows, that is, geostrophic dynamics. All examples of observed flows are satisfactorily explained by the dynamics included in the analytical model.
Introduction
Several studies that have explored the transverse or lateral structure of along-estuary flows driven by density gradients under bathymetric influences (Wong 1994; Friedrichs and Hamrick 1996; and Kasai et al. 2000) have shown that net inflows tend to be concentrated in channels while outflows appear over shoals. In an illuminating paper, Kasai et al. (2000) characterized the estuary-ocean exchange in terms of the competition between friction and the earth's rotation as captured by the vertical Ekman number E. Under large frictional influences (E Ͼ 1) the exchange took place as proposed by Wong (1994) and Friedrichs and Hamrick (1996) : inflow from surface to bottom in the channel and outflow entirely occupying the flanks. As frictional effects decreased, net inflow was still found in the channel but now restricted to a bottom Ekman layer, whereas outflow occupied the entire near-surface layer (Fig. 1) . Therefore, estuary-ocean exchange shifted from large transverse variability under strong friction to large vertical variability under weak friction. This friction/rotation competition helped explain the nature of several observations in different systems. However, the analytical results showed symmetric distributions about the deepest part of the channel (thalweg ) unlike expected asymmetries that would arise from the earth's rotation effects. These asymmetries consist of the core of maximum outflow leaning toward the left (looking into the estuary in the Northern Hemisphere) and the core of maximum inflow tilting toward the right. Indeed, there are observations over bathymetry consisting of a channel flanked by shoals (e.g. in the James River; Valle-Levinson et al. 2000) and numerical results (Valle-Levinson and O'Donnell 1996) that show the asymmetric distributions related to the earth's rotation effects.
Our objective is to extend Kasai et al.' s work in order to (i) explain the asymmetric nature of exchange flows and (ii) characterize the nature of mean transverse or cross-estuary flows over various bathymetries. We ex- plore an analytical solution of the transverse variability of the flow in an estuary with arbitrary cross-estuary bathymetry. Kasai et al's work is extended in three aspects: 1) the analytical solution may be examined over any prescribed arbitrary bathymetry, 2) the qualitative effects of the earth's rotation are evident in the solution, and 3) the resulting transverse flows are scrutinized. The analytical results derived with the extended solution are compared with observations that have been obtained in different systems in order to show the robustness of the solution.
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Analytical solution
The objective of the solution is to describe the transverse structure of the nontidal or mean along-estuary
u and transverse flows produced by pressure gradients and modified by Coriolis and frictional influences. In a right-handed coordinate system (x, y, z) in which x points seaward, y across the estuary and z upward (Fig. 2) , the nontidal (or steady) momentum balance to be solved becomes a set of two differential equations: Kasai et al. (2000) , the flow w has contributions from the sea level slope and from the horizontal density gradients; that is,
and F 1 and F 2 represent functions that depict the vertical and transverse structures of the barotropic (from sea level slope) and baroclinic (from density gradient)
contributions to the flow. Using (3), (2) can be rewritten as Assuming, as boundary conditions, no stress at the surface (‫ץ‬F 1 /‫ץ‬z ϭ ‫ץ‬F 2 /‫ץ‬z ϭ 0 at z ϭ 0) and no slip at the bottom (F 1 and F 2 ϭ 0 at z ϭ ϪH ), and that the horizontal density gradient is independent of depth, the solution of (4) as obtained by Kasai et al. (2000) is
In this solution, H is any arbitrary depth distribution as a function of y. The parameter ␣ equals (
where D E is the Ekman layer depth (2A z / f ) 1/2 . Notice that solution (5) requires prescription of the density gradient D and the eddy viscosity A z . Solution (3) requires a surface slope N that is dynamically consistent with D. In order to derive the value of N we use a boundary condition that assumes no net volume flux across the channel, that is,
where B is the estuary's width. Condition (6) implies that the river flux is much smaller than the flux produced by the gravitational circulation, which is restrictive but may be the case in estuaries (at least by one order of magnitude: e.g., Wong and Valle-Levinson 2002) . Alternatively, solutions (5) and (3) may allow the prescription of N with subsequent estimation of D that satisfies (6). We first adopt the approach of Kasai et al. (2000) of prescribing D and reproduce their results for a bottom of triangular shape. The value of the surface slope that satisfies condition (6) with a prescribed D is Prescribing D and A z and with H as any function of y, the solution to (3) is obtained with (5) and (7). The integrals in (7) are solved numerically.
a. Solution over triangular bathymetry
The solutions may be cast in terms of the vertical Ekman number E ϭ A z /( f ). Figure 1 presents the 2 H max solutions of along-estuary flows over a triangular cross section with the origin in the thalweg. These are intended to reproduce the results of Kasai et al. (2000) for f and H max of 10 Ϫ4 s Ϫ1 and 30 m, respectively, and three different values of A z (10 Ϫ1 , 10 Ϫ2 and 10 Ϫ3 m 2 s Ϫ1 ), corresponding to E of 1, 0.1, and 0.01, respectively. The density gradient is taken as D ϭ 10 Ϫ4 ϩ i0 kg m Ϫ4 ; that is, the density field only changes in the along-estuary direction.
The solutions clearly show different effects of friction. For large frictional effects relative to Coriolis accelerations (E ϭ 1), the estuary-ocean exchange shows transverse reversals in sign: inflow in the deepest part of the channel, reaching the surface, and outflow over the shallow sides. This is the same as the Wong (1994) solution that disregards Coriolis effects. The main feature of the solution of Fig. 1 is that, as rotation effects become more prevalent or friction is less prominent (E Ͻ 1), outflow is restricted to a surface layer that extends across the estuary, and inflow appears restricted to a bottom layer; that is, exchange now shows vertical reversals in sign. The puzzling aspect of these results is that the qualitative effects of rotation, that is, flow deflection to the right in the Northern Hemisphere, are not apparent. The solution is symmetric about the thalweg whereas reality reflects asymmetries.
In contrast to the reference frame of Kasai et al. (2000) , we take the origin (y ϭ 0) at one of the coasts instead of at the thalweg (or centerline) of the estuary (Fig. 2) and prescribe arbitrary bathymetries. Under this reference frame, the solution remains symmetric for any arbitrary bathymetry (Fig. 3) . Different values of E reflect the same symmetry explored over the triangular section. The analytical solution is correct but its representation seems to be physically unrealistic, so the first step to attack this puzzle was to try explain the symmetry of the solution. In order to determine the reasons for symmetry around the thalweg, we decided to go back to examine simpler dynamics focusing on the geostrophic balance over a flat bottom in the transverse direction.
b. Geostrophic balance over f lat bottom
The momentum balance in the transverse direction that includes both barotropic and baroclinic contributions to the pressure gradient is
The solution should show an exchange flow that leans toward the coast as, for example, in the numerical solution of Valle-Levinson et al. (1996) . It also should be symmetric about a tilting plane that slopes according to the Margules equation (Gill 1982) . Following the same approach as before, we prescribe the transverse density gradient ‫‪y‬ץ/ץ‬ and take the boundary condition
to obtain a dynamically consistent sea surface slope ‫/ץ‬ ‫ץ‬y. Because ‫‪y‬ץ/ץ‬ and ‫‪y‬ץ/ץ‬ are constant across the estuary, the geostrophic solution
is also independent of the transverse coordinate y and only depends on z (Fig. 4a) . Therefore, the prescribed pressure gradient should depend on y to obtain a more realistic approximation of the exchange flows. First we prescribe a density gradient with exponential decay across the estuary:
‫ץ‬y ‫ץ‬y max where ␥ is positive and represents the value of the transverse density gradient at the origin (y ϭ 0). The parameter k is the rate of exponential decay that could be related to the internal radius of deformation R 1 ; that is, k ϭ 1/R 1 . Thus, using (8) and (11) and applying condition (9) to derive a dynamically consistent surface slope, we obtain
[ ]
The solution to (12) with ␥ of 1 ϫ 10 Ϫ4 kg m Ϫ4 and k ϭ 2/B clearly yields an asymmetric result that now depends on y and z. This result is, however, physically untenable (Fig. 4b) . The strongest inflow appears on the left (looking into the estuary) and the strongest outflow appears on the right, contrary to the correct distribution. In addition, the isotachs slope in the opposite direction to the expected proper direction.
The next approach was to prescribe the sea surface slope instead of the density gradient, also with an exponential decay:
‫ץ‬y ‫ץ‬y max where is negative and represents the value of the transverse sea level slope at the origin (y ϭ 0). Once again using (8) and (13) and applying condition (10) to derive a dynamically consistent density gradient, we obtain
This solution, with ϭ Ϫ1 ϫ 10 Ϫ6 , is physically more realistic than the previous two (Fig. 4c ). Outflows and inflows appear on the correct side of the channel. The only unexpected detail of the solution is perhaps the downward concavity of the outflow isotachs. The condition shown in (13) yields the desired asymmetry relative to the centerline of the channel. In order to refine solution (14) a bit more, the following condition was used: 
͵ 0 which is consistent with theoretical expectations (Fig.  4d) . The lateral distributions of the sea surface slope expressed in (13) and (15) were inspired by the distribution obtained with a numerical experiment of a density gradient adjusting under the influence of rotation [experiment 4 in Valle-Levinson and O'Donnell (1996) ]. The numerical distribution is in general agreement with (13) (Fig. 4e ) but much more similar to (15) in terms of the concavity of the curves. Further justification of the use of (15) is provided by the vertically averaged dynamics expressed in (1). Examining only the transverse component of the vertically averaged momentum, the transverse slope may be given by Fig. 4f . The main contributions arise from Coriolis and baroclinic effects, with bed stress effects playing a secondary role. Baroclinic effects are nearly constant across the estuary, consistently with the analytical prescription of Kasai et al. (2000) , but Coriolis effects show significant transverse variability, proportional to the vertical average of u. The shape of the lateral slope calculated with observations is indeed very similar to that prescribed by (15) and to that derived from numerical results. The distributions given by (15) and obtained numerically (Fig. 4e ) and from observations ( Fig. 4f ) reflect a buoyant current of width R 1 , affected obviously by Coriolis accelerations. Therefore, on the basis of observations and numerical results, the transverse distribution of sea surface slope represented by (15) is expected to be dynamically consistent for density-induced flows influenced by the earth's rotation. The salient feature of this exercise is that the problem of representing solution (3) in an estuary requires (i) prescription of the barotropic pressure gradient and elucidation of a dynamically consistent baroclinic pressure gradient and (ii) the barotropic pressure gradient to have an exponential decay across the estuary as portrayed in (15). These two requirements should yield solutions that are asymmetric around the thalweg or centerline of the estuary. Such an approach is explored next to describe exchange flows resulting from the dynamics represented by (1) or, equivalent, by (2).
c. Solution with arbitrary bathymetry
The same solutions (3) and (5) apply but now condition (7) is modified, as learned from the previous exercise of geostrophic exchange, to reflect prescription of the surface slope N and estimation of a dynamically consistent density gradient D. This approach is essential to allow physically consistent asymmetries in exchange flows and is given by 
This condition indicates that sea level decreases seaward along the system and from the left coast to the right FIG. 3. (Continued ) coast (looking into the estuary). Other parameters in the solution remain the same as in Figs. 1 and 3. 
Results over arbitrary bathymetry
Solution (3) and (5) with condition (19) is applied over a channel with shape: The most striking feature of the along-estuary flow, relative to Fig. 3 , is the effect of the earth's rotation. The flow remains asymmetric about the thalweg (y/B ϭ 0.5) for E Ͻ 1 and the inflow remains detached from the surface at E Ͻ 0.2. This particular value depends on the shape of the channel. Note that the outflow tends to branch off in the shallow areas as E increases. This branching caused by frictional effects may explain the VOLUME 33 relatively low salinity water usually observed in the lower Chesapeake Bay toward the right-hand coast (looking into the estuary; Valle-Levinson and Lwiza 1997). Under strongly frictional conditions (E Ͼ 1) the solution appears like that of Wong (1994) as the exchange flows become symmetric about the thalweg.
Another interesting aspect of the solution is the transverse flow that develops under different E. Low E indicates that the dynamics is geostrophic in both along-estuary and transverse directions and reflects the transverse flow adjusting to the along-estuary pressure gradient: flow to the left at the surface and to the right at depth. As frictional effects enter the solution (increased E ), the transverse flow tends to emulate a ''sideways estuary'': surface flow to the right and bottom flow to the left, in contrast to the E K 1 solution. This is because the dynamics tends to resemble that responsible for the gravitational circulation in estuaries (pressure gradient balanced by friction). Note also that the transverse flows show net convergences over the edge of the channels. These convergences move toward the thalweg as friction increases. This is consistent with observations in the moderately frictional James River estuary (Valle-Levinson et al. 2000) , where convergence lines tend to be observed over the channel slopes, and the strongly frictional Conwy estuary (Nunes and Simpson 1984), where convergence lines tend to be aligned with the thalweg.
Other channel configurations portray additional revealing features of the solution. By prescribing the following bathymetry, the deepest channel is shifted toward the left-hand coastline (y/B ϭ 0.15). Under no friction (E K 1) the deepest channel reflects more of an exchange flow (Fig. 6a) than the situation where the deepest point is in the middle (Fig. 5a ). This is because the strongest inflow, which follows the strongest baroclinic pressure gradient at the location of the deepest point, is found where the geostrophic outflow should be expected. The strongest outflow appears toward the left-hand coast, but, as E increases, the outflow tends to become symmetric as before. The inflow does not reach the surface, even under the influence of E k 1 (not shown). The transverse circulation is consistent with the previous channel configuration although the surface flow to the right and bottom flow to the left, characteristic of gravitational circulation, appears better developed at lower E (cf. Figs. 5b and 6b) . By shifting the channel to the right-hand coast (y/B ϭ 0.9), where geostrophic inflow is expected, that is, some differences appear relative to the previous configurations (Fig. 7) . For the frictionless case, inflow occupies most of the deep channel. For all cases, outflow now appears concentrated in one branch as E increases instead of the two branches that develop with the previous configurations. At high E, inflows almost reach the surface but do not quite touch it, even at E k 1 (not shown). The transverse circulation develops its gravitational character at higher E than before. This is because the shift of the deepest part to the right allows the exchange flow to resemble the geostrophic exchange.
Comparison with observations
The revealing results shed by the analytical solution are now applied to real bathymetry distributions across various systems over which observations of mean flows are readily available. In every application, flow observations have been obtained with a towed acoustic Doppler current profiler (ADCP) over one full diurnal tidal cycle (ϳ25 h). Model-observation comparisons are carried out in three estuaries and two other systems that exhibit inverse estuarine conditions. The comparisons concentrate on the general distributions of the alongestuary and transverse flows. Best match between model and observations for both flow components was sought through prescription of different values of A z . We report only the values of the eddy viscosity that reflect observations best.
a. Observations in estuaries: James River
We first use observations carried out across the James River estuary in November 1996, same data used for Fig. 4f , as reported by Valle-Levinson et al. (2000) . The analytical results over the James River bathymetry compare very favorably to observations (Fig. 8) . This is achieved with a value of A z ϭ 0.002 m 2 s Ϫ1 , which is close to the values of the eddy viscosity obtained in that paper with a simple turbulence closure. The eddy viscosity corresponds to an E (estimated with the deepest point) of 0.1. This value of E may indicate that friction plays a lesser role but most of the section is rather shallow so that frictional influences are indeed manifested by the mean inflows occupying the whole water column in a portion of the channel. The observed and analytical along-estuary flows have the same general structure that features inflow in the channel and outflow concentrated over the left shoal (looking into the estuary). The modeled outflow region that appears over the right shoal (Fig. 8b ) decreases, and it resembles the observations even more if the along-estuary sea level slope is also prescribed with an exponential decay across the estuary (from left to right), analogous to the prescription of the transverse sea level Fig. 5 but with channel off-center to the right. slope (Fig. 8c) . Furthermore, decreases in A z restrict the inflow only to the deep region of the channel, and outflow extends throughout the section (not shown).
Transverse flows are also comparable in the sense that both observations and model show near-surface flow from left to right and near-bottom flow toward the left.
As discussed in the solutions over simplified bathymetry (Fig. 5) , this is an indication of frictional effects entering into the transverse dynamics and tending to balance the pressure gradient thus emulating a ''sideways gravitational circulation. '' In general the similarity of both components of the
FIG. 8. Comparison between observations (cm s
Ϫ1
) and analytical solution (A z ϭ 0.002 m 2 s Ϫ1 ) for real bathymetry over the James River estuary. Both components of the analytical results (maximum arrow length for transverse component) are scaled by 5 cm s Ϫ1 .
flow is remarkable. Discrepancies appear only as a few details, like the outflow not observed over the right shoal. Such discrepancies are attributed mainly to four factors, which also apply to subsequent examples. First, the dynamic factor: the analytical solution does not include advective accelerations and also assumes uniform A z . Geometric considerations related to curvature effects and nonuniformities of bathymetry in the along-estuary direction enter into this factor. Second, the continuity constraint [(6)] factor: the solution does not allow net volume transports into or out of the estuary, which is usually the case in reality. Third, the factor related to the sectional area covered by the observations: observations do not reach the surface or bottom (owing to ADCP sidelobe effects) or the ends of the section. Fourth, the factor related to the lack of dynamic consistency between the two components of the barotropic pressure gradient (sea level slope), which are prescribed independently of each other and in reality should be linked. The main message is that VOLUME 33 the dominant dynamics in the James River example are captured by the balance portrayed in (1) or (2).
b. Observations in estuaries: Chesapeake Bay entrance
Next example includes observations over a more complicated bathymetry at the entrance to Chesapeake Bay on 12-13 May 1997 (Fig. 9) reported in Valle- Levinson et al. (1998) . Two channels of different widths and depths are located near the ends of the cross section and are separated by a shoal. The along-estuary component of the flow is marginally similar between observations and analytical solution with A z ϭ 0.0015 m 2 s Ϫ1 (Figs. 9a,b) . The similarity of the shape of this component improves if the eddy viscosity increases to
0.005 m 2 s Ϫ1 (Fig. 9c) . In particular, the outflow in the channels resembles more the observations than the case of low viscosity.
Transverse flows with A z ϭ 0.0015 m 2 s Ϫ1 (Fig. 9b ) are consistent with the generic results of low E number (Fig. 5a ). This means that transverse flows during the period of observations were mostly linked to the alongestuary dynamics, rather than the transverse dynamics. The same increase in viscosity that makes along-estuary flows be more similar to analytical predictions alters the transverse flows and produces a departure from observations. Discrepancies between observations and theoretical results can be attributed, in addition to the four factors mentioned above, to wind forcing conditions during the observation period. The eddy viscosities used for the analytic results indicate that, during the observation period, friction was important only in the along estuary dynamics and played a lesser role in the transverse direction.
c. Observations in estuaries: Lower Chesapeake Bay
Another example, the last one of estuaries, refers to observations obtained over even more complicated bathymetry in lower Chesapeake Bay on 5-6 October 1993 (Fig. 10) reported in Valle- Levinson and Lwiza (1995) . Three channels of different characteristics appear over the cross section portrayed. This is perhaps the most challenging test for the model and is not a fully reliable test because the observations lack the quality of those at other sites. The observations covered the widest cross section and were collected over two daytime semidiurnal tidal cycles. Nonetheless, the alongestuary component of the flow shows rough resemblance between observations and analytical results. The general location of inflows/outflows is reproduced reasonably well by the model results with an A z ϭ 0.006 m 2 s Ϫ1 . The transverse component of the flow also shows reasonably good agreement except in the region delineated by the 10-20-km distances and surface to 5-m depths. In general, the areas of mean convergence at the edge of the channels appear in both observations and model. The distribution of along-channel and transverse flows, as well as the value of the eddy viscosity coefficient A z , strongly suggests that frictional effects are relevant for both components of the flow. This indicates that the dynamics are appropriately represented by (1) or (2). The discrepancies between observations and theory can be attributed to the factors mentioned in the previous two cases.
d. Observations in other systems: Guaymas Bay
We now test the performance of the analytical solution for a Mexican coastal lagoon that shows inverse estuarine behavior, at least during part of the year (ValleLevinson et al. 2001) . The application of the solution to an inverse estuary requires that condition (19) be rewritten as
This condition indicates an along-estuary seaward increase of sea level and a transverse increase in sea level from left to right (looking into the system). These sea level slopes are in opposite direction to those of a typical estuary. Using condition (20) at the entrance to the Bay of Guaymas ( f ϭ 6.4 ϫ 10 Ϫ5 s Ϫ1 ) yields analytical results that are very similar to observations obtained on 11-12 June 1999 (Fig. 11) . Outflows are now restricted to the channel, as expected for an inverse estuary, and inflows appear over shallow areas. Transverse flows feature near-surface flow from right to left and bottom flow in the opposite direction. Such distribution of transverse flows, together with the value of A z ϭ 0.0015 m 2 s Ϫ1 used, indicates frictional influences on the flows. Note that the observations encompass a subset of the entire cross section depicted in the analytical results. Within that subset is where both along-estuary and transverse flows are quite similar and consistent. This is another example in which the dynamics are dominated by Coriolis, pressure gradient, and friction in both components of the flow.
e. Observations in other systems: Gulf of Fonseca
The final example of the applicability of the analytical model features observations obtained in a tropical estuary on the Pacific side of Central America, the Gulf of Fonseca ( f ϭ 3.3 ϫ 10 Ϫ5 s Ϫ1 ). The data were obtained during the dry season on 16-17 March 2001 (Valle-Levinson and Bosley 2003) . During the dry season, it is reasonable to expect net circulation resembling inverse estuaries or salt-plug estuaries. At the mouth of the system, whether it behaves as inverse or salt plug, outflow is expected at depth and inflow near the surface, as observed (Fig. 12) . This is the example with deepest cross section and minimal frictional effects. This is substantiated by the structure of the along-and transverse flows in both model and observations. The outflow may reach the surface but outside the deepest channel, in contrast to it reaching the surface within the channel under strong frictional effects. The transverse flows appear to the right of the inflow/outflow as expected from dominant influences of Coriolis accelerations. The low value of A z ϭ 0.0002 m 2 s Ϫ1 also implies that the dominant dynamics during this neap tides period was quasigesotrophic. Observations during spring tides (not shown) revealed increased frictional influences.
Conclusions
The analytical model featured in this work is an extension of Kasai et al. (2000) in three aspects: 1) prescription of an initial condition that yields asymmetric flow, as in reality, across the estuary; 2) application to any arbitrary bathymetric structure across the estuary; and 3) examination of transverse flows over different bathymetries and different Ekman numbers E. In contrast to Kasai et al.'s work, we found that the sea level slope needs to be prescribed and then a dynamically consistent density gradient derived, rather than vice versa. Only this approach warrants physically tenable asymmetries in the exchange flows. The sea level slope prescribed in the analytical model featured a transverse exponential decay, consistent with numerical results and estimates from observations, which would be worthwhile exploring with direct observations as a challenging hypothesis to test. The analytical model yields reliable distributions of along-estuary and transverse flows in systems where the mean flow is mostly driven by density gradients and their associated sea level slopes. The model is quite useful in the interpretation of the dominant dynamics that drive observed mean flows, as in the examples presented here. The analytical model should also help verify results of numerical models in cases with complex bathymetry. The limitations of the analytical model, which produce discrepancies relative to observations only in few details of the solution, are 1) omission of advective accelerations and assumption of uniform A z , 2) assumption of net zero volume flux, and 3) lack of dynamic consistency between the two components of the prescribed barotropic pressure gradient. These limitations, however, are minor in comparison with the insights gained on the lateral distribution of alongestuary flows, on transverse flows, and on the dynamics associated with these flows over any arbitrary bathymetry. Most important, in addition to documenting the tran- sition of the exchange flow structure from low to high E as already presented in Kasai et al. (2000) , the analytical results have provided the following physical insights in terms of the lateral structure of the alongestuary flow and of the transverse flows: (i) The lateral structure of the along-estuary flow shows asymmetries related to Coriolis accelerations, even in relatively narrow systems like Guaymas Bay. These asymmetries would disappear and give way to symmetric distributions about the estuary's thalweg under strongly frictional environments (E Ͼ 1). As pointed out by Kasai et al. (2000) , the length scale that determines whether rotation is relevant or not is the depth of the Ekman layer relative to the water column depth, not the width of the system. (ii) Transverse flows are linked to alongestuary pressure gradients and flows (to the right of inflows/outflows) under frictionless conditions in such a way that near surface flow is to the left (looking into the estuary) and near-bottom is to the right. This transverse circulation tends to reverse direction as frictional
effects become important (typically E Ͼ 0.01) thus producing a ''sideways'' estuarine circulation that responds to the transverse pressure gradient. These conclusions should allow us to establish the dynamic state of any system by elucidating the general shape of exchange flows.
